We investigated the effect of medium conditioned by bovine aortic endothelial cells on collagen accumulation and total protein formation by human embryonic fibroblasts or bovine smooth muscle cells in cultures. The conditioned medium at a 1:10 dilution induced a twofold increase in collagen and total protein accumulation in fibroblast cultures. At low concentration (1:50 dilution), the conditioned medium stimulated collagen accumulation preferentially; at high concentration (1:10 dilution), overall protein synthesis also was increased. The increase in type I collagen accumulation was associated with an increase in the steady-state level of a1l(I) mRNA for collagen. The conditioned medium increased the production of types I and III collagen without affecting the proportion of collagen types in both fibroblast and smooth muscle cell cultures. Partial purification of the endothelial cell-derived factor disclosed it to be a heat-stable protein with an apparent molecular weight of 8-10 kDa. The stimulation of protein formation by this substance was not inhibited by antibodies against transforming growth factor-P or the insulinlike growth factor I receptor. The partially purified factor stimulated protein production without affecting fibroblast proliferation. This endothelial cell-derived protein may play a role in the remodeling of vascular connective tissue by stimulating collagen synthesis. (Circulation Research 1991;69:134-141) E ndothelial cells synthesize substances that increase cell proliferation by fibroblasts and smooth muscle cells.1-8 In addition, several studies in vivo9-11 provide evidence that endothelial cells modulate the synthesis of the extracellular matrix perhaps through the production of specific effector substances. An increase in wall thickness of the pulmonary and systemic arteries results from increased intravascular pressure.9-11 Langille and O'Donnell10 observed that vascular remodeling required an intact endothelium and postulated that this remodeling was mediated by an endothelial cellderived factor. Tozzi et al"l demonstrated that increases in static mechanical tension applied to intact pulmonary arteries caused an increase in collagen and elastin production in segments with intact endothelium but not in segments denuded of endothelium. These studies suggest that the endothelium modulates connective tissue accumulation by fibroblasts and smooth muscle cells.
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We investigated the effect of medium conditioned by bovine aortic endothelial cells on collagen accumulation and total protein formation by human embryonic fibroblasts or bovine smooth muscle cells in cultures. The conditioned medium at a 1:10 dilution induced a twofold increase in collagen and total protein accumulation in fibroblast cultures. At low concentration (1:50 dilution), the conditioned medium stimulated collagen accumulation preferentially; at high concentration (1:10 dilution), overall protein synthesis also was increased. The increase in type I collagen accumulation was associated with an increase in the steady-state level of a1l(I) mRNA for collagen. The conditioned medium increased the production of types I and III collagen without affecting the proportion of collagen types in both fibroblast and smooth muscle cell cultures. Partial purification of the endothelial cell-derived factor disclosed it to be a heat-stable protein with an apparent molecular weight of 8-10 kDa. The stimulation of protein formation by this substance was not inhibited by antibodies against transforming growth factor-P or the insulinlike growth factor I receptor. The E ndothelial cells synthesize substances that increase cell proliferation by fibroblasts and smooth muscle cells. [1] [2] [3] [4] [5] [6] [7] [8] In addition, several studies in vivo9-11 provide evidence that endothelial cells modulate the synthesis of the extracellular matrix perhaps through the production of specific effector substances. An increase in wall thickness of the pulmonary and systemic arteries results from increased intravascular pressure.9-11 Langille and O'Donnell10 observed that vascular remodeling required an intact endothelium and postulated that this remodeling was mediated by an endothelial cellderived factor. Tozzi et al"l demonstrated that increases in static mechanical tension applied to intact pulmonary arteries caused an increase in collagen and elastin production in segments with intact endothelium but not in segments denuded of endothelium. These studies suggest that the endothelium modulates connective tissue accumulation by fibroblasts and smooth muscle cells. After hybridization, the nitrocellulose filter was washed according to methods described by Thomas.25 The filter was autoradiographed onto x-ray film for 1-2 days. Densitometric analysis was performed with an Ultroscan XL (Pharmacia LKB, Bromma, Sweden) densitometer.
Characterization of Endothelial Cell-Derived Collagen Stimulating Factor
To determine the biochemical characteristics of the endothelial cell-derived factor that stimulates collagen production by lung fibroblasts, the conditioned medium was subjected to dialysis, microfiltration, incubation with trypsin, heating, lipid extraction, and gel chromatography. Extensive dialysis against H20 was performed using Spectra/Por molecular porous membranes (Spectrum Medical Industries, Inc., Los Angeles) with a molecular weight cutoff size of 6-8 kDa. For microfiltration, the conditioned medium was filtered through a Millex-GS 0.22-gm filter unit (Millipore Corp., Bedford, Mass.). For trypsin incubation, we used trypsin attached to sepharose beads (TPCK-Trypsin and Sepharose CL-4B; Pierce Chemical Co., Rockford, Ill.).
The endothelial cell supernatants were acidified (pH 3.5) with 2 M citric acid, and lipids were extracted with 1.5 vol diethyl ether. After-vigorous mixing and centrifugation, the resulting organic and aqueous phases were isolated, evaporated to dryness under nitrogen, resuspended in equal volumes of MEM, and then dialyzed extensively against distilled water. The aqueous fraction then was separated using a Sephadex G-50 90 x 1.5 cm column and an eluting solution of phosphate buffered saline, pH 7.4. Each fraction was dialyzed against H20, lyophilized, resuspended in MEM, and assayed for biological activity. quiescent confluent fibroblast cultures stimulated for 24 hours by either nonconditioned medium or medium conditioned by BAECs. There was a twofold to threefold increase in [3H]thymidine incorporation into DNA when the fibroblasts were treated with conditioned medium at a 1:1 dilution (vol/vol) with serum-free medium ( Figure 1 ). There was a small increase in the incorporation of [3H]thymidine into DNA in fibroblasts treated with conditioned medium at a 1: 10 dilution. Figure 2 shows the effect of endothelial cellderived conditioned medium on collagen and total protein accumulation. The amount of collagen was estimated by nondialyzable [3H]hydroxyproline, and the amount of total protein was estimated by nondialyzable [3H]proline. The conditioned medium at a 1:10 dilution induced a twofold to threefold increase in collagen and total protein accumulation. Approximately 15% of total collagen accumulation was found in the cell layer in untreated or conditioned medium-treated cultures. Table 1 shows the effect of time of exposure and dose of conditioned medium on collagen and total protein accumulation. A twofold increase in collagen and total protein formation was found 6 hours after the addition of conditioned medium (1:10 dilution).
Results

Effect of Endothelial
A similar twofold increase was found at 24 hours after the addition of conditioned medium (1:10 dilution). At a lower dose (1:50), conditioned medium stimulated a small increase (20%) in collagen accumulation without stimulating overall protein synthesis. To ensure that the increase in nondialyzable [3H]proline reflected actual increases in protein ac- cumulation rather than alterations in proline pool sizes, we measured the amount of total nondialyzable proline (nanomoles per milliliter) in the medium. Cultures incubated with conditioned medium (1:10) conditioned medium induced more than a twofold increase in the total amounts of collagen synthesized. We used bovine aortic smooth muscle cells to assess whether collagen production in these cells also was stimulated by the endothelial conditioned medium. We found that the conditioned medium (1: 10 dilution) stimulated type I and type III collagen formation by vascular smooth muscle cells in culture (Figure 3, right panel) . Densitometric scanning indicated that collagen formation was increased threefold by the addition of conditioned medium.
The effect of endothelial cell-derived conditioned medium on the expression of mRNA levels for a1 (I) collagen chains in fibroblast cultures was examined.
Total RNA was extracted after a 24-hour incubation, and equal loading on agarose-formaldehyde gels was verified by ethidium bromide staining of ribosomal bands. The steady-state level of al(I) mRNA was determined in cultures without treatment or cultures treated with endothelial conditioned medium (1:10 dilution) by hybridization of extracted total cellular RNA with a cDNA probe. Figure 4A shows multiple transcripts for the a, collagen gene that result from multiple polyadenylation attachment sites at the 3' untranslated region.26 Densitometric scanning revealed a twofold to threefold increase in al1() mRNA in cultures treated with conditioned medium. The a2(I) collagen mRNA is constitutively expressed in these cells27 and was not increased by conditioned medium ( Figure 4B ). However, the conditioned medium induced large increases in the steady-state levels of /3-actin ( Figure 4C ).
To determine whether the stimulation of collagen production was specific for medium conditioned by endothelial cells, we assessed the effect of serum-free medium conditioned by fibroblast cultures for 24 hours on collagen and total protein production by fetal lung fibroblasts. This conditioned medium did not stimulate the production of collagen or total protein. We undertook characterization of the substance by treating aliquots of conditioned medium with trypsin, heat, dialysis, microfiltration, or lipid extraction, followed by testing for biological activity ( Figure 5 ). Incubation with trypsin eliminated the collagen-stimulating activity of the conditioned medium. Heating at either 56°C for 30 minutes or 100°C for 3 minutes did not reduce the activity of the conditioned medium. Dialysis against H2O using molecular porous membranes with a molecular weight cutoff size of 6-8 kDa did not reduce the activity, whereas microfiltration through a Millex-GS 0.22-gm filter unit (Millipore) reduced the activity in the filtrate to the level of the control group.
When the conditioned medium was extracted with diethyl ether, all the biological activity appeared in the aqueous phase, and none appeared in the organic phase. Further purification of the conditioned medium using a Sephadex G-50 column showed that the activity occurred in fractions corresponding to an apparent molecular weight of 8-10 kDa (Figure 6 ). When the substance was partially purified using a Sephadex G-50 column, it did not activate cell proliferation as measured by [3H]thymidine incorporation into DNA (Figure 7) . Furthermore, the partially purified factor did not stimulate further growth in the presence of insulin or epidermal growth factor. Relation of the Endothelial Factor to PDGF, TGF-f and Insulinlike Growth Factors
We examined whether purified human platelet PDGF (AB isoform) would activate collagen and The mitogenic activity found in the conditioned medium is distinct from that stimulating collagen and 
